We report parameter-free, self-consistent, electronic-structure and total-energy calculations for chalcogen point defects in crystalline silicon. Both possible defect sites of tetrahedral symmetry are investigated. The calculated total energies are discussed in terms of dissolution and reaction energies. From these, the stable defect position is identified as substitutional. Si:Se. Their analysis of the spin densities at many shells of Si neighbors led them to suggest that the interstitial position appears to be the more likely site. In this paper we report self-consistent total-energy calculations for S, Se, and Te impurities in silicon. We show that total-energy calculations can clearly distinguish between the above-mentioned alternative sites.
Therefore, previous identifications of the geometrical configurations of defects were based on a comparison of theoretical electronic-structure calculations with experimentally observed quantities, such as defect wave-function symmetries (e.g. , Ludwig, and Meyer, Spaeth, and Scheffler3) . In this paper we show that total energy calcula-tions can be used to determine the impurity site.
The stable configuration of chalcogen point-defect impurities in silicon has for a long time been unclear. Extensive experimental investigations have been performed on these centers, Much experimental work was devoted to infrared absorption studies (see Refs. 4, 5, and references therein) which allow the determination of the energetic positions and symmetries of the ground state and various (effective-mass-like) excited states. The spectra could be interpreted in a one-electron picture.
From an analysis of dipole selection rules, the sym We use a variational expression (within the atomic-spheres approximation) for the total energy, which therefore converges faster than the eigenvalue spectrum. Further details will be discussed in a subsequent paper.
The exchange-correlation energy is treated in the localdensity approximation (LDA). It is well-known that as a result of this approximation and the neglect of the Green's function was calculated from a band structure with the conduction band shifted rigidly to give the experimental gap, i.e. , using the so-called "scissor" operator. 25 (2) The potential was modified so that the band-structure calculation gave a virtually unchanged valence band but the correct band gap. The three approaches -i.e. , the pure LDA and methods (1) and (2) -gave different total energies which in the worst case differed by as much as 3.6 eV. 26 Thus, the uncertainty of total energies due to the band-gap problem can indeed be significant. This is a general problem of the LDA and not due to a Green's-function method.
Since it is not clear which treatment of the problem is preferable we show in this paper only the pure (not modified) LDA results. We emphasize that the conclusions presented below are exactly the same for all three methods despite the above-mentioned uncertainty.
To discuss the stability of the two possible impurity configurations of Td symmetry, we first calculated the total energies of the processes in which chalcogens diffuse from the gas phase into a Si crystal and occupy a substitutional (sub) or Td-interstitial (int) site. In both cases the initial state is an isolated chalcogen atom and a perfect Si crystal. The final state for the reaction "sub" is a Si crystal where a chalcogen atom replaces a Si atom, which has been moved to the surface. The differences between the calculated total energies of the final and initial states (dissolution energies) are given in Table I . In this paper we assume that the Si crystal is undoped. A discussion of the dissolution-and reaction-energy dependences on the Fermi-level position is given elsewhere. The energies in Table I refer to the neutral situation. For the substitutional centers these energies are obtained by calculation of the double-positive charge state and addition of two electrons to the conduction band. As mentioned above, we use the pure LDA results, i.e. , a theoretical band gap of 0.5 eV. The results in Table I show that the substitutional incorporation is exothermic for all chalcogens, and that this process is energetically clearly favored compared to the interstitial incorporation. Further evidence for the stability of the substitutional lattice site comes from considering the process where a substitutional chalcogen and a Si Td selfinterstitial change places. This process is called the interstitial-interchange reaction (labeled iic in Table I ).
The results show that at nonzero temperature the relative occupancy of interstitial and substitutional sites depends sensitively on the atomic number. The stability of the substitutional site relative to the interstitial site increases from S to Se to Te. From the last line of Fig. 1 we show the defectinduced changes in the density of states due to an interstitial and a substitutional Se impurity atom in Si.
For reasons of clarity only states of Ai (s-like at the impurity) and T2 (p-like at the impurity) symmetries are displayed. As might be expected from the elec- Again, this experimental result is in contradiction to the theoretical results for interstitial centers (see Fig. I ). It therefore can be ruled out that the experimental data arise from interstitial chalcogens.
For substitutional chalcogens we find again that states are shifted to lower energies (see Fig. I ). 
